Abstract. Cerebrovascular hypoperfusion occurs prior to the clinical symptoms of Alzheimer's disease (AD) and represents the most accurate indicator predicting whether an individual develops AD at a future time. To study how cerebrovascular hypoperfusion contributes to AD, we induced cerebrovascular hypoperfusion by bilateral carotid occlusion surgery in adult rats and investigated its impacts on spatial memory, synapses, and accumulation of oligomeric amyloid-β. We found progressive spatial memory deficits, as tested by Morris water maze, starting 30 days after occlusion surgery. The memory deficits were accompanied with decrease in synaptic density and alterations of synaptic ultrastructure in the CA1 area of the hippocampus, as evaluated by electron microscopy. By using immunoelectron microscopy, we also found time-dependent accumulation of oligomeric amyloid-β in the hippocampus, especially in the axonal terminals after chronic cerebrovascular hypoperfusion. Western blot analysis revealed decreased levels of postsynaptic density-95 (PSD-95) and synaptophysin in rat brains after chronic cerebrovascular hypoperfusion. Our findings provide novel insight into the mechanism by which chronic cerebrovascular hypoperfusion contributes to the pathogenesis of AD.
INTRODUCTION
Most Alzheimer's disease (AD) cases are sporadic with late onsets (later than 65 years old) and have no defined causes. The early-onset familial AD, which is caused by mutations in amyloid-β protein precur-sor (AβPP), presenilin 1, or presenilin 2 genes, accounts for only <5 % of total AD cases. The major risk factors for sporadic AD include age, atherosclerosis, diabetes mellitus, stroke, ApoE ε4, and low education level. Recent studies have shown that a history of stroke increases AD prevalence by approximately 2-fold among the elderly [1] [2] [3] [4] . The risk is the highest when stroke is concomitant with atherosclerotic vascular risk factors. AD patients with stroke or cerebral infarction also show poorer cognitive performance and greater severity of clinical dementia [5] . Hypoxia is a direct consequence of hypoperfusion, a common vascular component among the AD risk factors, and may play an important role in AD pathogenesis. However, how cerebrovascular hypoperfusion contributes to AD is not well understood.
Memory loss in AD patients likely results from degeneration of memory-associated synapses [6, 7] . Synapse loss correlates best to dementia symptoms [8, 9] . Recent studies suggest that early memory loss may be independent of neuronal cell death, but related to a synapse dysfunction caused by Aβ oligomers instead [10] .
Studies on autopsied brains from AD patients have demonstrated accumulation of Aβ oligomer-specific immunoreactions at the axon and axon terminals [11] , suggesting that the Aβ oligomers might lead to synaptic structural changes and dysfunction in AD brain.
In the present study, we investigated the effects of cerebrovascular hypoperfusion on spatial memory, synaptic ultrastructure, and Aβ deposition in rats after bilateral carotid occlusion (two-vessel occlusion, 2-VO). We found that chronic cerebrovascular hypoperfusion induced spatial memory impairment, synaptic abnormalities, and Aβ oligomerization in the rat brain.
MATERIALS AND METHODS

Animals
Male Sprague-Dawley rats, 23-week old, were obtained from Beijing Vital-river Experimental Animal Technology Co., Ltd. Animals were housed in Experimental Animal Center of the Capital Medical University under standard conditions. All procedures for animals were performed in agreement with the SIBS Guide for the Care and Use of Laboratory Animals and approved by the Animal Care and Use Committee of the Beijing Institutes for Biological Sciences. All efforts were made to minimize animal suffering and the number of animals used. Animals were randomly divided into 8 groups (12 rats per group). Four groups received 2-VO surgery and the other four groups received sham surgery.
Animal surgery
Surgical operation for permanent bilateral common carotid occlusion was carried out as previously described [12] . Briefly, rats were anesthetized by intraperitoneal injection of chloral hydrate (350 mg/kg). The bilateral common carotid arteries were separated carefully from the cervical sympathetic and vagal nerves through a ventral cervical incision. Then, the arteries were doubly ligated with silk sutures. The animals which received the same surgical operation without carotid artery ligation were used as the shamoperated controls.
Morris water maze tests
The Morris water maze test [13] was used to evaluate spatial memory of rats. The water maze consisted of a circular pool with 150 cm in diameter and 70 cm in height. It was filled with water at 26 ± 1
• C to a depth of 30 cm to cover a black platform. The platform was submerged approximately 1 cm below the surface of water. The pool was divided into four quadrants: northeast (NE), northwest (NW), southeast (SE), and southwest (SW) at equal distances on the rim. The platform was placed in the center of the northeast quadrant. Rats were tested for consecutive five days. During the first two days (training time), rats were given four trials per day to find the hidden platform. Each rat was placed facing the wall at the quadrant opposite to the platform for the first trial, and border upon for the second. The rats who either failed to find the platform within 120 s were placed on the platform for 15 s for reinforcement. There was a 5 min recovery period between trials. The swimming of rats was monitored by a video camera linked to a computer-based image analyzer. The escape latency (time to reach the platform) and the length of the path that the rats swam to the platform were used to assess acquisition of the water maze task.
Electron microscope (EM) preparation
Rats were anaesthetized by intraperitoneal injection of chloral hydrate (350 mg/kg) and perfused through heart with 0.01 M phosphate-buffered saline (pH 7.6) and then with 4% paraformaldehyde and 2% glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.6). Brains were removed and cut into 50-µm sections with a vibratome (Leica). The sections were placed in 24-well plates with 0.1 M PB and fixed in 1% osmium tetroxide for 2 h. After dehydration with descending concentrations of alcohol and acetone, the sections were embedded in epoxy resin for ultrastructural examination.
After light microscopic examination of the embedded sections, the hippocampus CA1 area, which was made from transverse sections at the bregma −3.60 mm according to the Paxinos and Watson rat brain atlas [14] , was cut into 50 nm sections. The sections were placed on Ni grids and stained briefly with conventional uranyl acetate and lead citrate.
Immunoelectron microscope (IEM) preparation
For IEM studies, the rats were perfused with 4% paraformaldehyde and 0.3% glutaraldehyde in 0.1 M PB (pH 7.6), and then the brains were fixed with 4% paraformaldehyde (pH 7.6) for 8 h, followed by dehydration in 30% sucrose. The brains were then cut into 50 µm sections. Sections were sequentially placed in 24-well plates with 0.1 M PB, incubated with 0.5% NaBH 4 and PBST for 20 min, blocked with 6% normal goat serum (NGS) for 2 h, and incubated with rabbit anti-amyloid oligomer polyclonal antibody (A11, from Chemicon, 1:2000) at room temperature for 2 days. Then, the sections were incubated with the 0.8-nm gold-tagged goat anti-rabbit IgG (1:50, Aurion) for all night, followed by fixation with 2% glutaraldehyde in 0.01 M PB for 10 min. The immuno staining was enhanced by sliver intensifier (Aurion) for 3 h and further fixed in 1% osmium tetroxide for 2 h. Between every step the sections were washed with 0.01 M PB for 4 times, 10 min each.
EM examination and quantitative analysis
Quantitative comparisons of synapse density were made in the hippocampal CA1 area based on the number of synapses per volume of tissue. EM sections from each animal were observed under an electron microscope (JEM-1230). We selected neuropil area and randomly took 5 photographs from each section, 4 tissue sections from each rat, and 3 rats from each group. Thus, a total of 60 photographs from each experimental group were used for quantitation. Synapse density per µm 3 was determined in these 60 photographs. Synapses were counted if a postsynaptic density was evident and if the presynaptic terminal contained three or more synaptic vesicles. Numeric synaptic densities (Nv) was obtained by stereological approach with grid test system [15] . A transparent grid paper with 0.3 × 0.3 cm was superimposed on each photograph (19.1 × 9.1 cm). Nv was determined using the formulas:
where Na is the number of synapses per µm 2 , L is the mean synaptic length (µm), K 0 is the correction index (K 0 = 1 + 3d/2L), d is the thickness of the sections (70 nm), Ni is the cross point of test line and synaptic linkage area, L T is the length of test line. Statistical differences were assessed using a One-way AVON with Post Hoc Tests.
In addition to quantification of synapse number, Gray Type I synapses were chosen to determine the synaptic interface curvature (SIC), the thickness of postsynaptic density (PSD), the width of synaptic cleft (SC) and the length of synaptic active zone (SAZ) as synaptic interface structural parameters [16, 17] using Image-pro plus 6.0, and the statistical differences were assessed using the One-way AVON with Post Hoc Tests. Approximately 60 synapses of each group were examined.
For IEM, we counted the number of immuno-gold particles from 60 photographs per group [11] . The magnification of each photoprint (19.1 × 19.1 cm) was × 37,400, and, therefore, the actual size of field in each print was 26.0 µm 2 . The data were expressed as mean ± SEM, and the statistical significance was accepted at P 0.05.
Western blots
Hippocampi of rats were dissected and homogenized in a buffer containing 50 mM Tris-HCl (pH 7.5), 2 mM DTT, 2 mM EDTA, 1 mM EGTA, 150 mM NaCl, and 1% SDS. Samples (8 µg/lane for Anti-synaptophysin, and 40 µg/lane for Anti-PSD-95) were resolved by 10% SDS-PAGE and transferred onto nitrocellulose membrane. After blocking with 5% milk in tris-buffered saline containing 0.1% Tween 20 (TBS-T, pH = 7.5) at room temperature for 1 h, the blots were incubated with primary antibody in TBS-T at room temperature overnight. The primary antibodies used in this study included mouse anti-synaptophysin monoclonal antibody (1:10000, Chemicon, USA), mouse anti-PSD-95 monoclonal antibody (1:2000, Chemicon, USA), and mouse anti-β-actin (1:4000, Santa Cruz, USA). After washing three times in TBS-T, the blots were incubated with HRP-conjugated secondary antibody at room temperature for 2 h. The antibody binding was visualized using Western Blotting Luminol Reagent (Santa Cruz, USA) according to the manufacturer's instructions. The quantification of the blots was carried out by using a Gel-Doc Image Scanner (Bio-rad, USA) and Quantity One software program (Bio-rad, USA). The data in accordance with normal distribution were analyzed by independent-samples T test (SPSS 11.5 system, SPSS, Chicago, USA). P < 0.05 was considered statistically significance. 
RESULTS
Cerebrovascular hypoperfusion impairs spatial memory
We tested the effect of cerebrovascular hypoperfusion on spatial learning in rats by using the hiddenplatform water maze. As shown in Figs 1A and 2A , there was no significant difference of the escape latency and the length of the path between the 2-VO rats and sham rats 10 days after surgery. However, the 2-VO rats started to show deficits in learning 30 days after surgery ( Figs 1B and 2B) . The deficits lasted and became more profound 180 days after surgery ( Figs 1C,  1D, 2C and 2D ). These results indicated that chronic cerebrovascular hypoperfusion impairs the learning and memory capability of rats and that longer time of hypoperfusion results in more severe deficits.
Cerebrovascular hypoperfusion causes aberrations of synapses
The number and the integrity of synapse structure in the hippocampus are critical to neuronal plasticity and memory. We thus studied the synapse density and synaptic interface structural parameters in the CA1 area of the hippocampus. We found a time-dependent, significant decrease in the numeric synaptic density (Nv) in the 2-VO rats examined 90 (0.434 ± 0.044/µm 3 ) and 180 days (0.390 ± 0.015/µm 3 ) after surgery, as compared with the control sham group (0.508 ± 0.060/µm 3 ) (Fig. 3) , whereas the decrease did not reach statistical significance when they were examined 30 days after surgery.
The ultrastructure of synapses in the CA1 area of the hippocampus was studied by electron microscopy. In the sham rats, we observed a typical asymmetric interface of the Gray Type I synapses. The electrondense material at the postsynaptic membrane was significantly thicker than that at the presynaptic membrane (Fig. 4A) . A number of synaptic vesicles were seen in the presynaptic compartment. The synaptic interface curvature (SIC), the thickness of postsynaptic density (PSD), the width of synaptic cleft (SC), and the length of synaptic active zone (SAZ) were determined as synaptic interface structural parameters. We found that both the thickness of PSD and the length of SAZ were remarkably decreased in the 2-VO rats as compared to the sham rats (Table 1 and Fig. 4) . The SIC was also found to be decreased in a time-dependent manner in the 2-VO rats, although the decrease did not reach the statistical significance in rats examined 30 days after surgery. In contrast, the width of SC was enlarged in a time-dependent manner in the 2-VO rats, and this enlargement reached the statistical significance in the rats examined 90 days and 180 days after surgery. These results indicate that cerebrovascular hypoperfusion caused aberrations in the synapse in the CA1 area of the hippocampus.
Cerebrovascular hypoperfusion induces accumulation of Aβ oligomers in the neurites
It has been reported that cerebrovascular hypoperfusion might lead to Aβ accumulation in the brain [18] [19] [20] . We therefore studied whether the memory impairments and synaptic changes in the 2-VO rats are associated with Aβ aggregation in the synapse by using the Aβ oligomer-specific antibody, A11. In the CA1 area of the hippocampus of the 2-VO rats examined 180 days after surgery, the oligomeric Aβ immunoreactivity was seen on the plasma membranes and organelles within axons, dendrites, glial process- es, and some small unidentified processes (Fig. 5) . The immuno-positive organelles included mitochondria, synaptic vesicles, neurofilaments, and glial filaments. Some immunoreactivity was seen in the postsynaptic dendrites (Fig. 5B ) and in the presynaptic active zones (Fig. 5C ). Some immunoreactivity was seen in the wall of capillaries/vessels, including the cytoplasm of endothelial cells and basement membranes. Less immunoreactivity was seen inside of cell bodies. The immunostaining for Aβ oligomers was specific because no immuno-gold particle was seen in control staining when the primary antibody A11 was omitted (data not shown). We quantified oligomeric Aβ immunostaining by counting the total number of the immuno-gold particles in each photograph and found an significant increase in immuno-gold particles in the 2-VO rats examined 90 days (4.7 particles/photo) and 180 days (5.4 particles/photo) after surgery, as compared to the sham group (3.6 particles/photo). However, there was no significant difference between the 2-VO rats and the sham The data in the parentheses indicate percentages of the immuno-gold particles in the indicated locations over the total particles in the processes. *P < 0.05, # P < 0.01 vs. sham group.
rats examined 30 days after surgery. We also noticed that the increase in the immuno-gold particles was mainly localized in the processes. Thus, we studied their distribution patterns. We observed a time-dependent concentration of the immuno-gold particles in the neurites after cerebrovascular hypoperfusion (Table 2 ). Further studies on the distribution of the immuno-gold particles revealed a clear concentration of the oligomeric Aβ in the axonal terminals and some unidentifiable processes, but not in the dendrites. These results suggest that chronic cerebrovascular hypoperfusion lead to oligomeric Aβ accumulation in the synapse.
Cerebrovascular hypoperfusion induced synapse-related proteins expression abnormally
We also studied the levels of two synaptic proteins, postsynaptic density-95 (PSD-95) and synaptophysin, by Western blots. We found a time-dependent decrease in the levels of both PSD-95 and synaptophysin 90 days and 180 days after cerebrovascular hypoperfusion (Fig. 6 ).
DISCUSSION
The 2-VO in rats are a well-established animal model to produce a lasting and reliable cerebral blood flow (CBF) reduction by about 30%, a reduction matching that observed in AD brains [21] . The cerebrovascular hypoperfusion induced by 2-VO results in a reduced cytochrome oxidase activity, most markedly in the hippocampus (−33%), and deficits in spatial learning/memory in old rats (10-20 month-old) [22, 23] , but not in young adults [24] . This may be because young rats can compensate for the CBF decrease after 2-VO by dilating the basilar artery [25] . However, combination of cerebrovascular hypoperfusion with cerebrovascular amyloid (internal-carotid 0.5 mg Aβ 25−35 , 2-VO for 10 d) significantly impairs spatial learning and memory of young adult rats [26] . Middle age rats have been reported to develop AD-like pathology when CBF is reduced to < 40% of normal baseline level [27] . Here we chose middle age rats (5-6 months old) in this study.
AD differs from other dementias by a characteristic pattern of decreased metabolism most dramatic in the temporal, prefrontal and parietal association cortices [28] . Reduction in cerebral metabolism and CBF is significantly correlated to the severity of the disease, reflecting reduced synaptic activity but not tissue loss [29] . Memory is widely believed to be expressed by lasting modifications of synaptic strengths in relevant neural circuits in the brain. Loss of this synaptic modifiability, though less well studied, may underlie memory disruption in early AD. Synaptic interaction that memory depends on is the most vulnerable, consistent with the reports that cognitive deterioration is observed initially without apparent neurodegeneration or cell loss [30, 31] . Encoding experiences into memory may involve a diversity of synaptic plasticity, including changing the operation of pre-existing synapses and the growth of new synapses. In the present study, we found that cerebrovascular hypoperfusion led to decreased synaptic density, changes of synaptic ultra structure, and spatial learning/memory deficits, suggesting that the synaptic abnormalities might underlie the memory deficits induced by cerebrovascular hypoperfusion.
Synapse loss is the most robust correlate of ADassociated cognitive deficits [32] , but the mechanism responsible for the loss is not established. Originally, synapse loss was thought to depend on the toxicity of insoluble amyloid fibrils. More recently, it has been hypothesized that synapse dysfunction and degeneration are the early consequences of soluble Aβ oligomers [33] , which are potent CNS neurotoxins that accumulate in AD brain [34] . Aβ oligomers are found to bind to neurons in vitro [35] . Continued exposure of neurons with Aβ oligomers results in abnormal spine morphology and causes a significant decrease in spine density. IEM study from autopsied brains from AD patients and nondemented subjects showed higher density of Aβ oligomers in AD than in nondemented brains and in axons and axon terminals in AD than in the nondemented brains [11] . The precise molecular mechanism of Aβ oligomer-induced impairment of synaptic transmission is not fully understood, but there are several independent observations indicating that Aβ oligomers interfere with the vesicular release machinery at the presynaptic terminal [36] . In the present study, we observed that cerebrovascular hypoperfusion induced accumulation of Aβ oligomers in the brain, especially in the axonal terminals of the hippocampus. These results suggest that the synaptic aberrations and memory deficits observed in the 2-VO rats might be due to the accumulation of toxic Aβ oligomers in the axon terminals of the brain.
The postsynaptic density (PSD) at excitatory synapses in the brain is a proteinaceous 'organelle' and is made up of a mixture of proteins, such as cytoskeletal and scaffold proteins, glutamate receptors, calmodulin-binding proteins, ion channels, and signaling molecules [37] . The PSD-95 family is an important family of PSD proteins, which not only act as anchoring proteins, but also function as important modulators of signaling [38] . Abnormal PSD-95 expression has been implicated in Parkinson's disease and schizophrenia and is believed to contribute to abnormal neurotransmission in these diseases. The direct association of PSD-95 with N-methyl-D-aspartate (NMDA) or other receptors has been demonstrated to be an essential mechanism for PSD-95 regulated function of those neurotransmitter receptors [39] . Synaptophysin is a 38-kDa calcium-binding glycoprotein in the membranes of neurotransmitter-containing presynaptic vesicles, which is also a specific protein marker for the presynaptic terminal [40, 41] . The level of synaptophysin protein is usually used as an index of synaptic numbers and density. Our finding that cerebrovascular hypoperfusion induced decreased PSD-95 and synaptophysin is consistent to the decrease in the thickness of PSD, which affects the efficacy of synaptic transmission. Because the extents of the decrease in PSD-95 and synaptophysin were similar to that of synapses after cerebrovascular hypoperfusion, the lower levels of PSD-95 and synaptophysin in the 2-VO rats might be resulted from oligomeric Aβ-induced synaptic degeneration.
In conclusion, we found that chronic cerebrovascular hypoperfusion caused learning/memory impairment, aberrations of synaptic density and ultrastructure together with decreased levels of PSD-95 and synaptophysin, and accumulation of Aβ oligomers in the rat brain. These findings provide new insight into the mechanism by which chronic cerebrovascular hypoperfusion contributes to the pathogenesis of AD.
